Centrifugal separations can be classified into three categories, namely differential pelleting, rate-zonal centrifugation and isopycnic centrifugation. Although differential pelleting is the most widely used technique, it has only a limited potential for providing the investigator with purified material. Thus only the last two techniques, both of which involve separations on density gradients, can be used to obtain homogeneous populations of particles.
Types of rotor
There are three types of tube rotor, namely swing-out (swinging-bucket), fixed-angle and vertical (vertical-tube) rotors, all of which have been used for density-gradient separations.
The sedimentation path-length of particles varies with different types of rotor. For swing-out rotors it is the length of the gradient, whereas for vertical rotors it is equivalent to the tube diameter. In fixed-angle rotors the sedimentation path-length is very variable, depending not only on the angle of the tube in the rotor but also on the position of the particle in the sample zone, and it is these factors that are mainly responsible for the serious wall effects seen in fixed-angle rotors.
Because of the different characteristics of the different types of tube rotor, some rotors are better suited to particular applications than others. In rate-zonal centrifugation the extent to which particles interact with the wall of the tube as a result of the radial centrifugal force is not significant in swing-out rotors, but in fixed-angle rotors the effects tend to be so severe as to preclude their use for rate-zonal separations (Castaneda et al., 1971) . Vertical rotors represent a more complex situation in that as sedimentation occurs across the width of the tube there should be no wall effects as the particles sediment through the first half of he gradient. However, once past the centre of the tube particles begin to encounter the side of the tube, and disruption of the sample zones begins to occur with concomitant pelleting of material. The partial pelleting of material in vertical rotors is likely to be a serious problem in that cross-contamination of the sample zones can occur during re-orientation of the gradient at the end of the run.
The introduction of vertical rotors has enhanced the utilization of centrifuges in that not only are run times less but also some separations that normally require an ultracentrifuge can be done on a high-speed (21 000rev./rnin) centrifuge with a vertical rotor (Hames & Rickwood, 1978) . However, there are some practical problems associated with vertical rotors, the most serious of which is the necessity not only to fill the tube completely but also to seal it securely such that there is no leakage as a result of the large hydrostatic pressures generated in the gradient during centrifugation. The most satisfactory systems for sealing tubes are those devised by MSE and Beckman. MSE use an improved design of conventional cap for sealing tubes, and Beckman have adopted a novel method of heat-sealing tubes. Both sealing methods work efficiently, and gradients in both types of tubes can be readily loaded and unloaded by using the appropriate apparatus.
Zsopycnic centrifugation
A detailed description of isopycnic banding is given elsewhere in this Colloquium (Birnie, 1980) , and so here only some of the more important points relating to the use of different types of rotor for isopycnic separations are mentioned.
Isopycnic separations can be carried out in swing-out, fixed-angle and vertical rotors with self-forming, step or preformed gradients. Because the separation is an equilibrium one, wall effects are not important, though the presence of Fraction no.
Fraction no. Vol. 8 pellets or surface pellicles may cause problems in unloading gradients. Originally isopycnic separations were done in swing-out rotors; however, later work revealed that fixed-angle rotors not only could give better resolution but also had a greater capacity because of the effect of gradient re-orientation (Flamm et al., 1972) . These effects are maximized in vertical rotors, where the re-orientation effect is greatest. Also, with self-forming and step gradients the gradients form much faster in vertical rotors. Fig. 1 shows the isopycnic banding of Escherichia coli DNA in 3.5 h with a step gradient.
Rate-zonal centrifugation
The rate at which particles sediment is related to both size and density in the medium. Originally the role of the gradient was seen only as stabilizing the liquid column through which the particles sedimented, and hence the degree of resolution obtained depends on the initial thickness of the sample zone and the path-length. Longer path-lengths give better separations as long as the run time does not become excessive, otherwise diffusion of the sample can adversely affect resolution. However, by having a steep viscosity gradient along the length of the gradient there is a significant zone-sharpening effect, which greatly improves resolution. The two limitations are that the degree of zone sharpening should not be so extreme as to cause zone instability in the gradient (Ridge, 1978) , and neither should the viscosity greatly increase the length of run. By using steep gradients the resolution in high-speed rotors at least matches those of long bucket swing-out rotors even when very short gradients are used (Griffith, 1978) .
With vertical rotors the particle path-length is short and hence run times are generally shorter. In addition there are no wall effects to disrupt the particle zones at least over the first half of the gradient. The re-orientation of gradients increases the capacity of gradients, though simultaneously it enhances the diffusion of bands, particularly as, unlike isopycnic separations, the gradient does not stabilize the gradient zones against diffusion. Hence, although the run time may be much less, the zones can be much broader (Fig. 2) , though the degree of zone broadening does decrease with increasing particle size and for high-molecular-weight nucleic acids it is less significant.
Vertical rotors have not as yet been widely used for quantitative determinations of sedimentation coefficients. One problem is that the short runs associated with vertical rotors can be unsuitable in that not only is there insufficient time for the rotor to reach equilibrium conditions but also the acceleration and deceleration phases that are the sources of most inaccuracies become significant. Another problem of the vertical rotor is the complex relationship between volume ( V ) and the distance (x) across the tube. Calculation shows that in flat-topped tubes:
and that in hemispherically capped tubes:
where p = x/r, I = cylindrical length of the tube and E = r/l (all angles are expressed in radians).
By using these equations in analogous calculations to those for swing-out rotors (Young, 1978) it is possible to obtain quite accurate determinations of sedimentation coefficients. Referring to Fig. 2 , the values obtained for catalase with swing-out and vertical rotors were within 5% of the accepted value of 11.4s determined with an analytical centrifuge.
One as yet unsolved problem is how to quantify the resolving power of vertical rotors, particularly in order to obtain a comparison with swing-out rotors. The method devised by Fritsch (1973) cannot readily be used because of the complex relationship between radius and volume, and instead a new system is proposed. A computer simulation is carried out on the basis of a 5-20% (w/w) sucrose gradient at 5°C to determine the relationship between gradient volume and sedimentation coefficient obtained for each rotor when centrifuged at maximum speed for 1 h. The slope at the centre of the gradient (AS) is divided by the sedimentation coefficient at the centre; thus this value decreases as the resolving power of the rotor increases. These resolving factors (RF values) can be applied to all rotors, and they complement the k' values already used to calculate the centrifugation time for gradients in swing-out rotors. Fig. 2 . Rate-zonal centrifugation of catalase Gradients of 36ml of 5-20% (w/w) sucrose were loaded with 1.0ml of catalase in appropriate tubes, centrifuged either (a) in an MSE 6 x 38ml swing-out rotor at 24000rev./min for 16.6h at 22°C or (b) in an MSE V W R 50 vertical rotor at 45000rev./min for 3.4h at 22°C and analysed. -, % of total A,,, in peak; ----,
Isopycnic centrifugation in ionic media is an invaluable technique, yet many experiments are done on an empirical basis: conditions to achieve acceptable separations are determined by a process of trial and error. Marked improvements in separations and/or decreases in centrifugation time can often be realized by proper design of experiments. The factors affecting separations by isopycnic banding are well known, and it is a simple matter to predict the best conditions for any particular separation by taking them into consideration. This approach is commonly used for analytical ultracentrifugation, but not very often for separations in preparative ultracentrifuges. The reason for this appears to be the complexity of the mathematics involved. However, as discussed elsewhere in detail (Fritsch, 1975; Birnie, 1978) , a simplified set of equations (Table 1) allows valuable predictions to be made with regard to isopycnic separations in preparative ultracentrifuges. Although these simplified equations are not strictly accurate, the errors are small: they have the advantage that their use requires no more than simple arithmetic.
Equilibrium gradients
The most common method of generating a density gradient of an ionic solute in water is by centrifugation. The experiment is begun with a homogeneous mixture of the material to be banded in a solution of the salt that is to form the gradient. This mixture is centrifuged until (i) an equilibrium salt gradient has been established and (ii) each species of particle in the mixture has reached its isopycnic point (that point in the gradient at which the density equals the buoyant density of the particle). To choose the best conditions for each experiment the questions to be answered are these. What density gradient will be formed?
What will be the position in it of a given density? How long will the gradient take to form? How long will it take for the particles to reach their equilibrium positions?
Numerical answers to these questions are obtained from derivations of the general equation of equilibrium centrifugation (eqn. 1 in Table 1 ). Combination of the terms that depend on the gradient solute, its concentration and its thermodynamic properties (M, U and a ) with R and T gives a single term, p, the density-gradient proportionality constant. Values of /3' for several ionic solutes at various concentrations in aqueous solutions have been calculated (see Birnie, 1978) . For example, for CsCl at 25°C solutions of density 1.50, 1.60 and l.70g/cm3
have p values of 1 . 2 2~ lo9, 1 . 1 7~ lo9 and 1 . 1 4~ 10" respectively; for Cs,SO, at 25OC the corresponding p values are 0.64 x lo9, 0.66 x lo9 and 0.69 x lo9. Then, translation of angular velocity (w rad/s) into rev./min results in eqn. (2) from which the slope, dp/dr(g/cm3 per cm) at any point r cm from the centre of rotation is easily calculated. Moreover, integration of eqn. (2) gives eqn. (3), from which the difference in density between any two points in an equilibrium gradient can be determined. Usually, however, we require to know the actual densities at, say, the top and the bottom of a gradient. To calculate these, the radius (rc) of the iso-concentration point (the point in the gradient at which the density equals that of the initial salt solution) must be estimated from eqn. (4) (sector-shaped compartments) or eqn. (5) (tubes in swing-out rotors). The geometry of other gradients is more complex; however, the error introduced by using eqn. (5) to calculate r, in gradients in vertical-tube rotors or in half-filled (or less) tubes in fixed-angle rotors is not significant in the present context. Thus, knowing pc (=pJ and r,, rearrangement of eqn. (3) allows us to calculate the Table 1 . Equilibrium-centrifugation equations Symbols used are defined in Table 2 . dp M ( l -V ) dp 
